Abstract-In urbanized areas, particularly in lowland terrains and floors of large river valleys, the natural land configuration is often hard to recognize due to a long history of human activity. Accordingly, archaeological works in cities, which supply knowledge on settlement conditions, are usually accompanied by geological and geomophological research. Lately, data from light detection and ranging (LiDAR) have become a valuable source of information on urban land configuration. Geophysical methods are also becoming increasingly popular in background studies. The paper presents a method of using and linking these sources of spatial information about landforms in such areas. The main aim is to identify to what extent these complementary sources of data and the proposed method can be used in such a specific environment to reconstruct natural, buried terrain morphology. The city of Wrocław in Central Europe serves as an example. To this end geomorphometric studies were conducted with the use of digital elevation models (DEMs) based on LiDAR scanning and derivated land-surface parameters-SAGA Wetness Index, Channel Network Base Level and Altitude above Channel Network. The study also involved determining morphological edges and measurements of the meanders of the Odra, as well as expanding information on the spatial distribution of alluvia and the structure of slope breaks. To this end, geophysical measurements were conducted using the Two-Dimensional Electrical Resistivity Tomography method. Additionally, five typical sequences of man-made ground present within the perimeter of the city were distinguished. As a result, a map of the main landforms of Wrocław is presented. Finally, we argue that although high resolution DEM and derivate land-surface parameters are very useful in terrain analysis, places with thick man-made ground or strongly levelled areas must be recognized by geoarchaeological excavations or geological bore holes. The geophysical survey is useful to identify buried morphological edges and older relief elements in open areas.
Introduction
Geomorphological studies in urban areas are difficult to carry out due to dense development and artificial transformations of natural surfaces involving, among others, the formation of man-made ground and modifications of the drainage system (ROSENBAUM et al. 2003; SZABÓ 2010) . As a result, the natural land configuration, especially in lowland areas, is obscured and hard to identify. This often prevents an unequivocal identification of initial landforms and the correct analysis of the local palaeogeographic development. Such difficulties accompany detailed geomorphological studies conducted during archaeological works (KVAMME 2006) . These studies are greatly supported by digital elevation models (DEMs) and geophysical methods of ground penetration (KAMPKE 1999; CHALLIS 2006; PAPADOPOULOS et al. 2006; TSOKAS et al. 2011) . Unfortunately, DEM analysis for flat, urbanized areas causes many errors associated with a model's accuracy, impact of land cover, existence of buildings and artificial transformations of ground surface (SITHOLE and VOSSELMAN 2004; BONK 2007; LIU 2008; REUTER et al. 2009 ). In addition, the analysis of terrain morphology in urban areas based on DEMs are rarely supported by results of other investigations. This article presents a method to use and link multiple sources of spatial information for determining boundaries of natural landform units in relatively flat (low relief gradients) urban areas, heavily altered by human activities. The investigation is based on GIS landform parameterization based on high resolution DEM, geophysical surveys and geological or geoarchaeological documentation. The main aim of the study is to identify to what extent these complementary sources of data and the proposed method can be used in such a specific environment for the reconstruction of natural terrain morphology.
The land-surface parameterization using the submeter DEM is the first approach of this type in the study area-the city of Wrocław. The DEM analysis draws on the existing knowledge about changes in the drainage system and information about natural and man-made sediments collected from various sources (archaeological excavations, geomorphological and archaeological literature). Due to the scarcity of information concerning the spatial variation of alluvial deposits outside of the city center and the structure of valley escarpments, geophysical profiling was conducted using the Two-Dimensional Electrical Resistivity Tomography method (2D ERT). The obtained results allowed for the reinterpretation of previous geomorphological and geological views and data. Among others, five typical sequences of made grounds and the range of the main landform units within the perimeter of the city were identified.
The proposed method is suitable for medium and large-sized cities of Central Europe, located in valley floors. Wrocław, selected as a test area, has a history closely related to the development tendencies of other cities of Central Europe (PIEKALSKI 1999) e.g., Cracow, Leipzig, Dresden or Frankfurt; hence, it serves as an example as to how these new data sources add to the current state of knowledge on the natural configuration of urban land.
Methods
In this paper the combination of geomorphological research methods was used. Data obtained in the traditional way (field mapping, analysis of archaeological outcrops and geological bore holes) were linked with an analysis of high resolution DEM and results of geophysical surveys. This comprehensive aggregation of research methods, rarely seen in the literature, was attempted for an urban area, where many factors interfere with the recognition of natural landforms. The flow chart in Fig. 1 illustrates the course of investigation.
The basis for this study was the spatial analysis of the area of Wrocław, based on DEM provided by the Municipal Office of Wrocław. The original resolution of DEM is 1 9 1 m and it was created based on light detection and ranging (LiDAR). The airborne scanning was conducted in May 2006. The scanning point density was 2 points per sq metre, and the vertical measurement accuracy amounted to 15 cm. LiDAR data underwent pre-processing (YOU et al. 2003) by the supplier: the land surface (bare Earth model) was extracted from the point cloud-information about the natural land cover, buildings and man-made elements that obstruct the view of waters (bridge fragments) were removed. Light detection and ranging (LiDAR) data are one of the most accurate sources about land configuration, surpassing in precision global DEMs obtained from satellites, using radar system (SRTM) or stereo-pair images (Aster GDEM) and existed models from digitization of topographic maps contours (DTED) (GAMBA et al. 2002; HIRANO et al. 2003; LARGE and HERITAGE 2009; RAYBURG et al. 2009; HÖ FLE and RUTZINGER 2011) . In geomorphology, such data are widely used to study the fluvial environment (e.g., CHARLTON et al. 2003; CAVALLI et al. 2008; THORN-DYCRAFT et al. 2008; NOTEBAERT et al. 2009; VETTER et al. 2011) , which is of particular importance in lowlands featuring flow directions that are difficult to identify correctly (JONES et al. 2008) . The potential of this source of knowledge has also been realized in geological, hydrological, archaeological studies or visualization of urbanized areas (PALMER and SHAN 2002; AFONSO et al. 2006; BATHRELLOS 2007; LASA-PONARA et al. 2010) .
In this paper the DEM obtained from LiDAR data was processed for geomorphological analysis using SAGA GIS software, while preparation and visualization of GIS layers involved the use of Global Mapper and MicroDEM software. The relief of Wrocław was determined based on derived landsurface parameters recalculated from the DEM. The DEM was re-interpolated to a resolution of 5 9 5 m or 10 9 10 m, in order to eliminate information noise. Among many land-surface parameters implemented in SAGA GIS, the Topographic Wetness Index (TWI, in modification SAGA Wetness Index), Channel Network Base Level (ChNBL) and Altitude Above Channel Network (AACN) were used. As opposed to basic parameters such as Hypsometry, Slope, Aspect or Curvature usually used for geomorphometric analyses (OLAYA 2009), the selected derived parameters allowed for the determination of poorly distinguishable morphological edges and fluvial morphology on a relatively flat surface. Other parameters were too sensitive to a network of roads and railway embankments and many small edges created by removing land cover layer (including buildings) during LiDAR data filtering. This study does not discuss in detail the assumptions behind each parameter. Consequently, below is a collection of essential information about each parameter only, with a reference to sources of information and the manner they were used.
According to theoretical assumptions, TWI indicates the dependency between the size of the surface participating in surface outflow and the value of its inclination (BEVEN and KIRKBY 1979) . Accordingly, this parameter shows the theoretical level of saturation with wetness of the earth surface and is one of the basic elements of hydrological modelling (SØRENSEN et al. 2005) . The SAGA Wetness Index is a modification of TWI. The difference between the two lies in a different method of calculating the basic surface. As a result, DEM rasters representing valley bottoms within a small distance from channels are assigned a greater value of moisture than in the traditional TWI approach (BOEHNER et al. 2002) . At the scale of Wrocław, SAGA WI allows for distinguishing potentially dry areas (elevations isolated morphologically) and places of potential moisture concentration (local terrain depressions). The ChNBL parameter is based on the determination of a local base level of erosion in nodes of the drainage network (BUGOSH 2006) and in relation to the remaining surface of terraces and uplands. This parameter allows for the reproduction of floors of river valleys, indicating also the potential river flow and flood water concentration directions. The AACN parameter calculates the vertical distance to the channel network base level (CONRAD 2003) . The algorithm consists of two major steps: interpolation of a channel network base level elevation and subtraction of this base level from the original elevation. In the analysis, the parameter was used to automatically detect valley escarpments within the perimeter of the city.
Based on the analytical hill shading map of DEM the authors have categorized the meanders of the Odra located within the perimeter of the city in terms of a size. This involved the measurement of radiuses of particular meanders by inscribing properly-sized circles within them. This study employed meanders evident on DEM visualization. It does not take into account the elements of the meander system known exclusively from geological and archaeological studies and covered by man-made ground or younger fluvial sediments.
Conclusions on the morphology of valley floor using GIS analysis were related to the existing geological information (ASSMANN et al. 1912; TIETZE and BEHR 1932; WINNICKA 1987; ŁABNO 1988; GOLDSZTEJN 2009 ) about the occurrence of Holocene fluvial sediments and floodplain area, naturally affected during culmination of flood waters in July 1997 (Culmination of FloodWave…) , what indirectly determines the boundaries between the Odra valley and the upland surface. Based on published (CHMAL et al. 1993; TRACZYK 1998, 2001; TRACZYK 2003) and unpublished materials collected during archaeological studies, the authors have supplemented the extensive inventory of bore holes and sites compiled earlier by BADURA (2010), concerning the thickness of artificial sediments and the depth of natural ground (without any artefacts) in the city centre. This led to the creation of a database containing information on 297 spatially oriented sites within the old part of Wrocław (.shp file). The alluvial deposits in the valley bottoms and the Odra river valley escarpments are still rather poorly recognized in local geological structure. This mainly applies to areas outside of the city centre which were not subject to detailed archaeological works in the past. For this reasons geophysical profiles using the 2D Electrical Resistivity Tomography method were made. The ERT profiling allowed to detect the thickness of Holocene deposits and their spatial relations with other Quaternary sediments, which may be helpful in reconstructing past geomorphological processes. The procedure was mainly useful to confirm or deny the occurrence of landforms buried under younger sediments, especially morphological edges.
The application of electrical resistivity methods in soil surveying is fairly common (e.g., SAMOUËLIAN et al. 2005; CHAMBERS et al. 2006; SCHROTT and SASS 2008; VAN DAM 2012) . They are successfully used in studies of the periglacial environment (KNEISEL 2006; KNEISEL et al. 2008; HARRIS et al. 2009; KNEISEL 2010) , slope dynamics (SASS 2007; MARESCOT et al. 2008; MIGOŃ et al. 2010; PÁ NEK et al. 2011; CAR-PENTIER et al. 2012 ), river valleys (BERSEZIO et al. 2007 BOWLING et al. 2007; Š KARPICH et al. 2010) , and in geoarchaeological studies (DOMENICO et al. 2006; BROWN 2008) . However, the detailed 2D ERT profiling method was never used before in Wrocław.
The basis of the 2D Electrical Resistivity Tomography method is to obtain a two-dimensional resistivity model of the surveyed geological formation. To this end, several measurements of the apparent resistivity in a specific array of electrodes along the surveyed profile are conducted. Next, these automatic measurements are subject to the inversion process. Inversion consists in solving a math for the assumed rock body model, followed by an iterative adaptation of the initial model to the measured data (REYNOLDS 1997; SAMOUËLIAN et al. 2005; LOKE 2012) . The ARES (GF Instruments, Brno, Czech Republic) instrument with an array of 40 electrodes, spaced every 2, 3 or 5 m was used in the study. The Wenner-Schlumberger array was used in each iteration and some measurements were repeated using the Wenner-Alpha method. These methods vary in a distance between pairs of current (C 1 , C 2 ) and potential (P 1 , P 2 ) electrodes. In practice the WennerSchlumberger method is used to 15 % deeper measurements than the Wenner-Alpha and is recommended for horizontal and quasi-horizontal (declined) layers (MILSOM 2003; LOKE 2012) . By default, resistance results (in X/m) are compared to a range of values for various rock/sediments presented in a literature (e.g., TELFORD et al. 1990; MILSOM 2003) , although the final outcome was influenced by groundwaters (SAAD et al. 2012) . Data were processed and visualized in RES2DINV software (Geotomo Software, Malaysia).
Although electrical resistivity profiling was conducted in places representative with respect to the geological structure and landforms, the location of the profile itself was strictly dependent on the development on the land. Geophysical measurements were not conducted in the direct vicinity of power lines, gas and sewage networks, in private areas and developed areas with a hardened surface. A review of available literature confirms that except for isolated examples (e.g., PAPADOPOULOS et al. 2009; BOUDREA-ULT et al. 2010; AYOLABI et al. 2013 ) the ERT method is rarely used in city centres. All ERT profiles were marked by high accuracy GPS (Trimble GeoXH) with real-time corrections from EGNOS (European Geostationary Navigation Overlay Service).
Based on the DEM analysis and the collected geological and geomorphological information, a synthetic map of the main landform units of Wrocław was created by manual digitization in vector mode. Additionally, typical sequences of man-made sediments within the perimeter of the Old Town were distinguished according to our own geoarchaeological observations carried out over the last 25 years and their thickness was visualized.
Area of Investigation
Wrocław is a mid-size city in south-western Poland (area 293 km 2 , 630,000 citizens) whose development was determined by its unique geographical location and tumultuous historical events. The city was founded over 1,000 years ago in an anastomosing section of the Odra river valley in the Silesian Lowland. The lowland character of the city is reflected both in the flatness of the terrain, as well as in absolute heights -120 m a.s.l. on average in the centre and 148 m a.s.l. at most in its westernmost part ( Fig. 2 ; Table 1 ). The highest culminations (up to 155 m a.s.l.) are a man-made waste dump (40 m of relative height), partly reclaimed. The city is cut through by a network of channels and waterways of the Odra and its tributaries. In this location the main channel of the Odra is approx. 26 km. Among its tributaries, the longest distance within the city is covered by the Widawa (approximately 20 km), Ś lęza (16 km), Bystrzyca (15 km) and Oława (8 km) rivers. The drainage network of Wrocław is complemented by over 1,000 km of channels of smaller watercourses, canals and drainage ditches. The natural channel of the Odra on the section of the Silesian Lowland is meandering, with a tendency for lateral migration and meander cut-off. However, in the centre of Wrocław the river flows in many channels forming an anastomosing system (CZERWIŃ SKI 1998) with permanent river islands ( Fig. 3 ). Their current number and shape is however largely affected by human activity. One excellent example of how the drainage network of the Odra river valley changed in the Wrocław section was given by LEONHARD (1901) (Fig. 4) . We may assume that the formation of the Odra valley with the shape and direction resembling the current one started in the region of Wrocław at the SZCZEPANKIEWICZ 1959) . During the Weichselian (Vistulian) glaciation, with an increased accumulation in periglacial conditions, the filling of the deepened Odra valley with sandygravel material occurred. The filling locally reached the level of an older glacial upland. As a result, in the northern part of the Wrocław Plain, a part of the lateral tributaries of the Odra flowed along the surface of the glacial upland and caused its modelling (TRACZYK 2007) . The period of the next, fairly quick erosional lowering of the bottom of the valley of the middle Odra is dated at the end of the early stage of the Weichselian (Vistulian) glaciation (CHMAL et al. 1993; SZPONAR and SZPONAR 2008) . Since then, accumulation of fluvial deposits occurred nearly continuously and its rate was dependent on climate oscillations and human activity (NOTEBAERT and VERSTRAETEN 2010) . Currently this accumulation has reached the level of the slightly undulating morainefluvioglacial upland (CHMAL and TRACZYK 2001) . Consequently, within the area of Wrocław, the system of terrace levels of the Odra valley is not easy to distinguish. According to TIETZE and BEHR (1932) , the highest level in this section of the valley bottom is built from mud overbank deposits (silty-sandy deposits with organic material) accumulated after the development of agriculture in the Odra basin (DUMANOWSKI et al. 1962; KLIMEK 2000; STARKEL et al. 2005; NOTEBAERT and VERSTRAETEN 2010) ; accordingly, it is of late Holocene age. Although the Geomorphological Map 1:50,000 published in the Geological Atlas of Agglomeration of Wrocław (GOLDSZTEJN 2009) distinguishes 5 terrace levels within the perimeter of the city, ranging from 0.5 to 15 m above river level, due to the small relative differences between them reaching as little as 1 m and the lack of sound recognition of age, lithological and sedimentological aspects, this concept requires verification. The existing edges of the possible terraces are often the result of the erosional trimming of banks during contemporaneous floods . The subsurface layer of the ground is formed by common man-made sediments whose thickness and location are closely correlated to the development of settlement.
The middle age foundations of the city lie on Odra river islands and local terrain elevations. The city centre of Wrocław was established on erosional outliers built from fluvioglacial sediments (CHMAL and TRACZYK 2001) . The Old Town outlier is cut along a distinct erosional edge from the north and in the south it terminates against shallow depressions formed in the late Holocene by flood waters. In the past these depressions were used to build two moats. The natural depressions were deepened by 5.5 m in the case of the now-filled old city moat and approximately 4 m in the case of the younger moat TRACZYK 1998, 2001 ).
In the current land configuration of Wrocław the dominant features are artificial sediments, the artificial drainage network, and the effects numerous city redevelopments (buildings, flood embankments, railways) related to, among others, the construction and demolition of defensive fortifications (1807) (1808) (1809) (1810) and damage suffered at the end of World War II (1945) . Despite the fairly robust geologic recognition (SZPONAR and SZPONAR 2008; GOLDSZTEJN 2009; BADURA 2010) numerous issues related to the initial land configuration of Wrocław and its Quaternary development have not been unequivocally resolved. An interest in the natural landform configurations has grown significantly following the large flood of July 1997, when the flood waters of the Odra and its tributaries took advantage of natural depressions and short-cut flood channels, reaching quite far from the river channels.
Results

LiDAR Analysis
The range of natural and artificial relief features was set based on LiDAR data. In particular, the course of morphologic edges related to the erosional activity of the Odra and its tributaries, zones of flood flows and Odra paleomeanders (Fig. 5) were identified. The obtained image does not always coincide with the existing information provided in historical sources. This is the case in the area between the Widawa valley and the Flood and Navigable Canals in the eastern part of the city. The map of LEONHARD (1901; Fig. 4 ) marks the course of the Odra channel outlined herein with numerous meander loops from 16th to 17th century, i.e., prior to the construction of the Navigable Canal. Due to the convenient communication routes (new waterway, railways) in the first half of the 20th century, a vast industrial zone was created in this area. As a result, along a strip approximately 0.6 km wide and 4 km long, natural landforms were completely erased (levelling of the site for stacking yards, structural embankments, etc.). The scale of transformation was so significant that the DEM visualization in this part of the city does not reveal the old meanders of the Odra at all.
Light detection and ranging (LiDAR) data allow for distinguishing of an erosional depression formed as a result of the activity of flood waters. This depression was used to construct the outer town moat at the end of the 13th century and contributed to its final shape from the end of the 17th century. This depression was used by the joint waters of the Odra and Oława rivers during the catastrophic flood in July 1997. During the culmination of the flood, the water flowed around the Old Town from the south and reached to the town centre rail overpass (Fig. 5b) .
Due to slight height differences and the abundance of artificial sediments, to distinguish even the basic elements of the relief of the city is somewhat difficult. Based on DEM ( Fig. 2 local height differences are related to the presence of natural morphologic edges (mainly erosional edges along the banks of river channels), reaching a maximum of 2-3 m. Larger differences, ranging from 5 to 8 m, are characteristic only for Pleistocene outliers located in the bottom of the valley and for dunes. The largest differences, 4-7 m, are visible in the edges of the Ś lęza and Bystrzyca valleys, the leftbank tributaries of the Odra. Within watersheds, the average height differences do not exceed 2-4 m. Further conclusions result from derivate landsurface parameterization of DEM (Fig. 5a-c) . Based on the SAGA WI parameter (Fig. 5a ) it was established that places with the highest topographical predisposition for moisture/water concentration are located in the north-eastern part of the city, near the channel of the Odra, and near the Widawa valley. A similar, smaller area is located in the central part of the city, in the western part of the Old Town. Although this is an area of dense urban development, the analysis of historical plans reveals waterlogged areas that occupied the abandoned channel of the Odra. Potentially dry areas, elevated above the bottom of the Odra valley are, apart from the moraine upland by the boundary of the city, isolated areas in the southern and western part of the centre of Wrocław, between the Navigable Canal and the Widawa river. The area to the northeast of the Old Figure 5 Output layers of GIS modelling and cartometric measurements based on DEM 10 9 10 m: a SAGA Wetness Index, not to scale; 1 potentially dry areas (isolated elevations), 2 potentially moist areas (local depressions); b Channel Network Base Level; 1 flood waters flow directions, 2 hypothetical flow of the Odra waters in Pleistocene, 3 river water concentration area; c Altitude Above Channel Network; 1 most distinct river levees and artificial embankments (flood banks, embankments accompanying communication routes and city developments), 2 edge of moraine upland; d circles inscribed into current and abandoned meanders of the Odra, values of radiuses provided; I-III zones varying in terms of meander sizes; red lines denote the boundaries of the valley of the Odra and Widawa
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Town is also of interest due to its artificial elevation by the bank and flood protection system, bridgeheads, etc. The elements of flood banks and land elevations related to human activity are easily visible on the map presenting the local land elevation with respect to the valley network (Fig. 5c) . The AACN parameter confirmed the presence of natural morphological edges limiting the glacial upland and the edges of the Bystrzyca valley in the western part of the city. In relation to the course of the valley network and geological data (in particular: ASSMANN et al. 1912; TIETZE and BEHR 1932) , ChNBL analysis produced particularly interesting results. Apart from depressions related to contemporary channels and watercourses (identified using the orthophotomap Culmination of Flood-Wave…), potential paths of Holocene flood flows were identified (Fig. 5b) . In addition, depressions that cut through the area lying south of the Odra valley were identified. The origins of these depressions are probably related to the Pleistocene stage of the formation of the Odra valley and its tributaries (TRACZYK 2003; WIŚNIEWSKI et al. 2013) .
Based on the DEM analysis, 96 meanders of the Odra were identified (Fig. 5d) . Their sizes and spatial arrangement are diverse and, consequently, three separate zones were isolated on the bottom of the valley (I-III on Fig. 5d ). Most meanders (51) can be distinguished in the lower section of the valley, below the Old Town-zone III. Within the Old Town (II) and in the zone located east of the centre (I) 23 and 22 meanders were identified, respectively (Table 2 ). In the zones I and III meanders reach similar sizes with radiuses that may exceed 500 m, but the average values are, respectively, 316 and 306 m. In the zone II, the radiuses of the largest meanders reached 368 m, but for most of them they range from 180 to 190 m. This image may be connected with the development trend of the river. The zone II corresponds to the place that once housed the natural system of anastomosing channels presented on Leonhard's map (LEONHARD 1901) . Zones I and II feature meanders that were formed in relation to the free meandering of the Odra channel. Among traces of this meandering tract are the semicircular erosional edges visible along the southern perimeter of the Odra valley, west of the city centre (zone III).
Geological and Geoarchaeological Data Interpretation
Digital elevation model (DEM) analysis is equally inefficient in the case of the Old Town of Wrocław, inside the surviving outer moat. Here the initial relief was extensively covered by man-made groundorganic mud, sand and debris (concrete, bricks) sediments. Typical sequences of such sediments are presented in Fig. 6 . The initial land configuration of this part of the city (Fig. 7) is known from bore holes (GOLDSZTEJN 2009) and archaeological excavations performed during construction works related to the development boom in the last dozen years or so.
The visualization of the collected data (Fig. 7 ) confirms the hypothesis formulated by CHMAL and TRACZYK (2001) that the Old Town was situated on the Pleistocene terrace remnant. The highest-lying parts of this remnant are situated in the southern and south-western part of the Old Town. On the made ground thickness map these correspond to the zone where the ground thickness drops below 2 m (Fig. 7,  mark A) . The thickness of made ground is even smaller within the abandoned meander of the Odra within the western part of the Old Town (Fig. 7, mark  B) , as this area was under risk of flooding and remained undeveloped for a long time.
2D Electrical Resistivity Tomography
Geoelectrical studies were conducted on sites whose topographic features are presented in Fig. 8 . On site I, profile A (Fig. 9a) was run along the abandoned channel of the Odra which is distinctive in morphology and was active before the regulation (straightening) of the Odra channel. The bottom of the abandoned meander is not filled with water, but Table 2 Dimensions of Odra river meanders in Wrocław Zone (see Fig. 5d A more diverse situation was observed on the second site encompassing the meander channel of the Odra situated in the western part of the city (Fig. 8II) . The profile B cuts through the abandoned meander used historically to cross the river, guarded by gords (from the Bronze Age to Iron Age) founded on local land elevations. Elevations in the period prior to channel abandonment were situated on the left bank on the river, i.e., on the side of Wrocław. Today it is the other way around. The larger of the elevations is a consolidated dune residing on a sandy-gravel foundation (SZPONAR and SZPONAR 2008) . The elevation through which the beginning of profile B was run is considered an artificial embankment and its structure is unknown. The abandoned meander located beneath the elevation is clearly distinguishable in morphology. A drainage ditch filled with stagnant water runs along the axis of the abandoned channel. On the model (Fig. 9b) , sediments forming the upper part of the elevation exhibit the highest electrical resistivity and are not homogenous (No. 1). The subsurface layers of the ground also exhibit high resistivity-this may be Figure 6 Typical structures of sediments (Old Town, names added): Artificial deposits (covers); 1 sandy rubble, 2 sands with rubble, 3 dumping ground (organic mud with rubbish), 4 sands, 5 humus (topsoil) sands, 6 bar sands and gravels with admixture of bricks, glass, ceramics, etc.; Natural deposits; 7 till, 8 fluvioglacial sands and gravels, 9 Pleistocene fluvial sands and gravels, 10 Pleistocene cover sands (river/periglacial origin),
11 Holocene river sands and gravels, 12 Holocene silty loams (flood deposits) interpreted to indicate the presence of dry sand of point bars (No. 2). Beneath them resides a material that also fills young abandoned channels (mark a) whose thickness at times exceeds 10 m (No. 4). These alluvia also cut into sediments found under the artificial sediment of the elevation (No. 3). These are most probably dune sands. Under the alluvial sediments of the generation of young paleochannels, lies the formation exhibiting the lowest resistivity (No. 5). Its structure, heterogeneous in terms of resistivity, resembles depressions of the generation of large paleochannels (mark b, turn of Pleistocene/Holocene, after KOZARSKI 1983). Without confirmation with drillings or using other geophysical methods, this shape cannot be unequivocally interpreted. On the site III (Fig. 8) , the Widawa flood plain was surveyed. From the north the Widawa uses the natural valley depression of the Odra. The ERT profile was run near the mouth of the right tributary of the Widawa on an undeveloped surface available to flood waters. The subsurface part of the obtained model (Fig. 9c) shows fillings of the migrating channels of the Widawa (No. 1). These reside on alluvia exhibiting slightly higher resistivity (No. 2, please note: the colour ramp is always adapted to the distribution of values), whose floor probably indicates a larger channel, now buried by sediments, and clear erosional surfaces truncating the older foundation (mark b). The thickness of the alluvia ranges from 3 to 10 m. The next site (Fig. 8IV) is located in one of the parks of Wrocław, in a valley depression and system of channels of the Bystrzyca, a left tributary of the Odra, cutting into the fluvioglacial sediments of the surroundings. In this location the ERT profile (Fig. 9d) was run from the morphological edge through visible abandoned meanders. They had a waterlogged bottom and a width up to a few meters. On the obtained model, the fluvial sediments of the Bystrzyca represent a layer with a thickness up to 10 m (No. 3), with a moderately diversified floor. These reside on a ground exhibiting slightly lower resistivity (No. 4). Above them is a material with lower resistivity (wet mineral-organic aggradation, No. 1) or significantly higher resistivity (dry sand of point bars, No. 2).
The last of the sites of electrical resistivity investigation was located at the western boundary of Wrocław-the location of the most clear morphological edge separating the bottom of the Odra from the fluvioglacial upland. This location features an isolated hill (129 m above sea level) and relative heights ranging from 7 to 11 m (Fig. 8v) . The geomorphometric analysis (Fig. 5b) and the geological structure of this hill (sands and gravels, after GIZLER 1982) indicate that this is probably a remnant separated from the rest of the upland by erosion. According to this assumption, it cannot be ruled out that during the Pleistocene phase of development of the Odra valley, its waters sporadically flowed around the hill from the west. The ERT profile was run through the culmination of the hill, its northern, steepest edge and a fragment of the valley bottom. On the obtained model, the highest resistivity was exhibited by slope deposits (No. 2). The highest point of the elevation contains a formation with high resistivity (No. 5) that may form an integral part of a deeper ground with heterogeneous resistivity. Below the hill, on a truncated surface, there are alluvia with a thickness of approximately 7 m (No. 4). A layer with a similarly low resistivity forms the southern hinterland of the hill (No. 3).
Landform Map
The analysis allows for distinguishing the main landforms within the perimeter of Wrocław (Fig. 10 ). These comprise: the Odra valley bottom and valley bottoms of its tributaries situated from 118 m a.s.l. at the eastern end of the city to 110 m a.s.l. at its northwestern boundary. The bottom of the Widawa valley running in parallel to the Odra valley is located on a similar height. This allowed for the construction of a flood relief channel in the 20th century which is used to carry away excess water from the Odra channel to flood plains located in the Widawa valley. The bottom of the Odra valley is levelled. In morphological terms it is made from a terrace 3-4 m above river level. Only in the area of the undeveloped channel of the Odra, outside of the city centre, there are terraces 1.5-2 m high.
One important element of the geomorphic landscape of Wrocław are Pleistocene terrace levels located from 4 to 6 m above the water level in the Odra channel. In the centre of Wrocław, due to a strong distortion of natural height relations by human activity, the boundary between the Holocene bottom of the Odra valley and the Pleistocene terrace levels is now effectively undistinguishable. West of the centre of Wrocław, these are highlighted by the lateral erosion of meander banks. In the area between the bottom of the Widawa and Odra valley, within the Pleistocene terraces, there are small elevations built from glacial till and Neogene loam formations. These are erosional remnants of the upland which was transformed by fluvial processes in the Late Pleistocene.
In the north-eastern part of Wrocław, the Pleistocene terrace plains are directly adjacent to the glacial upland rising to 129-133 m a.s.l. On the southern side of the Odra valley, the Pleistocene terrace connects with slightly undulating denudation plains of the lower level of the glacial upland of the Wrocław Plain. Within this plain there are shallow troughs of secondary watercourses and traces of depressions formed by glacial ice-melting processes inherited from the Pleistocene. The geomorphological map (GOLDSZTEJN 2009) also distinguishes sandur plains from the period of the Odra Stage of the Saalian Glaciation. The analysis of excavations made during Vol. 171, (2014) LiDAR and 2D Electrical Resistivity Tomography 847 construction works indicates, however, that in most cases sandy-silty tills and silty-sandy cover deposits reside under the soil. Accordingly, this surface is polygenetic. Both weathering and aeolian transport processes in periglacial conditions contributed to its formation, as well as fluvial processes related to the activity of watercourses flowing down the surface of the Pleistocene upland towards the Odra valley (JARY et al. 2002; JARY 2010) . Upland areas are the last among the elements of the relief of the Wrocław area. The upland on the southern side of the Odra is split into several parts. Its surface reaches an absolute value, progressing away from the river, from 119 to 140 m a.s.l. South of the centre of Wrocław, within the upland, there is a morphological depression running in parallel to the Electrical resistivity profiles and their interpretation: a profile through the abandoned meander of the Odra in the eastern part of Wrocław; 1 dry sand point bars of the Odra, 2 alluvia, 3 older ground truncated erosionally, a approximated cross-section of the abandoned meander; b profile through the meander of the Odra in the western part of Wrocław; 1 made sediment, 2 dry sand of point bars, 3 aeolian sands with alluvial build-up (4), 4 alluvia, 5 older alluvia, a approximated cross-section of the abandoned meanders, b bottom of older generations of Odra channels (?); c Widawa flood plain cross-section; 1 contemporary flood sediments, 2 alluvia, 3 older ground sediment, a current flood channels, b erosional truncation surface; d profile in bottom of Bystrzyca valley; 1 wet surface sediments with high content of organic substance, 2 dry sand of point bars of the Bystrzyca, 3 alluvia, 4 older ground sediments, a abandoned channel of the Bystrzyca; e cross-section through upland remnant towards the bottom of the Odra valley; 1 dry surface sediments, 2 slope deposits, 3 alluvia on remnant hinterland (?), 4 alluvia, 5 heterogeneous ground sediment, a glacitectonic line of discontinuity (?) b Vol. 171, (2014) LiDAR and 2D Electrical Resistivity Tomographyedge of the Odra valley. It is 400-600 m wide and its course is visible, among others, on SAGA WI and ChNBS maps (Fig. 5a , b-indicated by black arrow). This depression was probably active in the Late Pleistocene as an arm of the pre-Odra or the mouth of one of its tributaries (pre-Oława?), which was described based on geoarchaeological investigation by CHMAL and TRACZYK (2001) . This was not a flow related to the local watercourse flowing along the surface of the upland (Fig. 5b-indicated by white arrow), as within the area of this depression, on the Palaeolithic site at Hallera street sandy-gravel fluvial sediments were uncovered (WIŚNIEWSKI et al. 2013) . Their structural features indicate a high-energy depositional conditions. Similar depressions of the flow of the pre-Odra or its tributaries were also identified in other locations on the DEM model (Fig. 5b) .
Discussion and Conclusions
The geomorphological investigations reported here follow the specific trend of urban geomorphology (BATHRELLOS 2007) , that used evidence gained during archaeological and geo-engineering works. Performing a geomorphological analysis of the entire area of the city would not have been possible without high-resolution LiDAR data which, until recently, were largely unavailable in Poland. Properly processed and interpreted LiDAR data provide much better background for geomorphologic mapping than 1:10,000 topographic maps or ortophotomaps used earlier. This mainly applies to areas covered with vegetation whose image is filtered off during the processing of raw data. In the city, the areas of this type most difficult to analyze are vast areas of allotment gardens. LiDAR, however, cannot produce equally good results on areas subject to strong manmade transformations, subject to levelling, as, e.g., in the industrial zone between the Navigable Canal and the Widawa in the north of Wrocław or within the Old Town (Fig. 10) . Detailed geomorphologic recognition of such areas is only possible during earthworks.
As the analysed DEM presents areas with fairly small height differences, the application of basic land-surface parameters (aspect, slope, curvature, etc.) failed to produce satisfactory results in the interpretation of landforms. For this reason, to survey urban areas with a high-resolution DEM, the authors propose to use derived land-surface parameters, implemented, among others, in SAGA GIS Free Open Source Software (CIMMERY 2010) and in particular the SAGA Wetness Index, Channel Network Base Level and Altitude Above Channel Network. These parameters ensure robust patterning of morphologically isolated areas, the courses of river valleys and depressions determining flood flows and morphological edges. The obtained layers, as compared to prior geomorphological investigation of Wrocław, offer a completely new quality of spatial data.
In the proposed procedure, the analysis of high resolution DEM is the basis, but the picture may be significantly enriched through the use of 2D Electrical Resistivity Tomography. Although this method is popular, there are very few examples of its application in urban areas in literature (e.g., MEJU 2000; BOUDREAULT et al. 2010) ; though difficult to carry out in densely developed urban areas, these measurements provide good results in investigating valley bottom and valley sides sediments. BOUDREAULT et al. (2010) also successfully applied this method to investigate man-made debris sediments; however, this requires cooperation during specific construction works.
The interpretation of electrical resistivity profiles must be treated with caution because the application of this method is burdened with several errors (KEA- REY et al. 2002; MILSOM 2003; SCHROTT and SASS 2008) . Such errors include the selection of an electrode array that does not correspond to the soil conditions, lack of distinct boundaries between the resistivity of different sediments on the output model, changing hydrogeological conditions of the soil and, primarily, over-interpretation of the obtained results. Despite such limitations, the obtained models serve as a valuable supplement to existing geological data obtained in drillings whose spatial interpretation is more time-consuming. Practice also shows that the interpretation of drillings made by various researchers in different periods carries a substantial burden of error.
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The recognition of the geomorphological situation of Wrocław based on LiDAR and 2D ERT leads to new conclusions concerning the paleogeographic development of the city area. Measurements of the meander system allowed for mapping the range of the anastomosing section of the Odra, where the average radius of the meanders is smaller than in the case of the remaining sections. The tendency towards anastomosing of the Odra may be a result of not only the expected surface subsidence, but the accumulation of river sediment from mouth of the Oława, which provides a large bed load from the loess part of its catchment directly to a relatively narrow section of the Odra valley. There is also one visible tendency whereby the largest meanders with radiuses exceeding 400 m along the southern border of the valley bottom tend to group. As a result, the northern edge of the glacial upland forming a part of the Wrocław Plain is undercut. The direction of migration of the Odra channel, as well as the variation in its formation may be attributed to the neotectonic activity of the sub-Quaternary basement (GRZEMPOWSKI et al. 2009 ). However, within the city area it is impossible to distinguish generation of paleomeanders of various age that would be different with respect to size, as was successfully attempted in other sections of the Odra (RUSZCZYCKA-MIZERA 1978) .
Geoelectric investigation allowed for the separation of mineral-organic aggradations filling the abandoned meander from sands forming meander scroll-bars. These formations exhibit distinctly different electrical properties. The thickness of the fillings of the abandoned meanders of the Odra in the investigated profiles amounts to approximately 10 m. Fluvial sediments of large tributaries of this river (site on the Bystrzyca) have a slightly lower thickness. To date, these fillings were mainly investigated with respect to contamination with heavy metals (CISZEW- SKI et al. 2008; CISZEWSKI and TURNER 2009) .
Light detection and ranging (LiDAR) data did not confirm that the Wrocław area features a morphologically legible terrace system of the Odra as presented by GOLDSZTEJN (2009), a feature found in other sections of the river (SZCZEPANKIEWICZ 1959 (SZCZEPANKIEWICZ , 1989 . These levels have become indistinct as a result of erosional and denudation processes and the aggradation of Odra alluvia. Hence, their origin may not be distinguished without detailed sedimentological studies. We may assume that one remnant of the highest Pleistocene terrace is the depression formed by the flow of flood waters on the surface of the upland in the southern part of the city (Fig. 5b) .
The remnants of the Pleistocene foundation survived within the bottom of the Odra valley, usually serving as locations for initial settlement. The best example of this type is the Wrocław Old Town (BUŚKO 1999; CHMAL and TRACZYK 2001; BADURA 2010) which features an area with lower thickness of artificial sediments as compared to the surroundings (Fig. 7) . Small in terms of absolute height elevations of Pleistocene outliers, these guaranteed safety during floods as evidenced during the high-magnitude events on the Odra, e.g., in 1854, 1903 or 1997 . During historic floods, terraces elevated to 3-4 m above river level were shaped (built on or eroded). Contemporarily, the most intensely shaped is the level of 1-2 m above river level, but only outside of areas with channel reinforcements.
One major feature of all cities of Eastern Europe is transformation resulting from the formation of made ground. In Wrocław these are characteristic of the city centre, flood banks and communication lines creating, among others, morphologically distinct oblong elevations of minimal height (Fig. 5c ). Similar oblong forms are related to natural fluvial processes and formation of natural levees (as exemplified by the Bystrzyca in the western part of the city). The largest height differences are characteristic of dunes and edges of the upland, in particular their fragments in the western part of the city. It cannot be ruled out that glacitectonic deformations, presented on the geomorphological map by GOLDSZTEJN (2009), contributed to the formation of this area. This may by attested by the line of discontinuity in the electrical resistivity of the deeper ground captured in the 2D ERT profile (Fig. 9e) .
Although the analysis concerns specific environmental conditions, the proposed expansion of the traditional geomorphological investigation in the urban environment may be implemented in other areas too, in particular in cities located in the valleys of large rivers with a long history, where changes of the river network and formation of made ground have played a significant role in the development of relief. Vol. 171, (2014) LiDAR and 2D Electrical Resistivity Tomography 851
